The Eurasian beaver (Castor fiber L.) is the largest free-living rodent in Eurasia. Beavers show seasonal patterns of reproduction (long-day breeders), stress reactions, and feeding behavior. These phenomena are associated with the function of hormonal regulatory axes: the hypothalamic-pituitary-adrenal (HPA) and hypothalamicpituitary-gonadal (HPG). In mammals, the above processes are also controlled by orexins (OXA and OXB), neuropeptides derived from the same precursor-prepro-orexin (PPO). We hypothesized that in beavers PPO gene expression in tissues creating the HPA-HPG axes and plasma orexin concentrations differ between seasons and sexes. PPO transcript and PPO and orexin proteins were noted in the mediobasal hypothalamus (MBH), pituitary, adrenals, and gonads in April ("breeding, pregnancy"), July ("post-breeding"), and November ("prebreeding"). In the MBH, seasonal, but not sex-dependent variations were observed in PPO gene expression; however, the transcript content increased in females in July. An interaction between season and sex was noted in the pituitary: PPO gene expression decreased in males in April. The PPO mRNA concentration in adrenals varied between seasons and sexes. Additionally, an interaction between these factors occurred and the highest PPO gene expression was noted in females in April. In the gonads, PPO mRNA levels changed dependent on season, and an interaction between season and sex was found. The PPO transcript increased in November in the testes. Seasonal variations and an interaction between season and sex were observed in plasma OXA. The highest concentration of OXA was noted in July (males) and in November (females). In beavers, PPO gene expression and plasma OXA concentration varied depending on season and these changes were modified by sex. Our results imply that orexin peptides are involved in the regulation of circannual changes of reproductive activity in beavers and seem to be associated with seasonal fluctuations in glucocorticoid secretion and stress reactions.
Orexins A and B (OXA and OXB) belong to the group of hypothalamic neuropeptides. Both peptides are derived from a common polypeptide precursor, prepro-orexin (PPO), by proteolytic cleavage (de Lecea et al. 1998; Sakurai et al. 1998) . The expression of the PPO gene and orexin proteins (OXs) was noted in the central nervous system (Blanco et al. 2003; Silveyra et al. 2007; Maleszka et al. 2013; Smolinska et al. 2014 ) and in peripheral tissues such as adrenal glands and gonads (Jöhren et al. 2001; Randeva et al. 2001; Barreiro et al. 2005) .
In mammals, OXs regulate feeding behavior, the sleep-wake cycle, arousal, energy homeostasis, stress response, and reproductive processes (Korczynski et al. 2006; López et al. 2010; Silveyra et al. 2010) . It has been suggested that OXA and OXB play different roles in various functional systems. OXA is more effective than OXB in promoting feeding behavior (Sakurai et al. 1998; Edwards et al. 1999) , whereas OXB is an important factor in induction of arousal (Bayer et al. 2002) , and it could be involved in the regulation of glucose metabolism (Funato et al. 2009 ).
Circannual rhythms of animal activity such as feeding behavior, reproduction, and stress response contribute to survival and reproductive success of seasonal breeders. These phenomena are controlled by the circadian pacemaker in the suprachiasmatic nucleus of the lateral hypothalamus and by melatonin, a 896 JOURNAL OF MAMMALOGY hormone synthesized in the pineal gland (Zeitzer 2013; Tenorio et al. 2015) . Reciprocal interactions between melatonin and OXB have been demonstrated in sheep (Ovis aries), where the concentrations of both hormones in the blood were characterized by similar seasonal variations (Zieba et al. 2011; Kirsz et al. 2012; Kirsz and Zieba 2012) .
The results of studies performed mostly on rats and domestic animals indicate that OXs can link metabolic status with reproductive functions by regulating the hypothalamic-pituitaryadrenal (HPA) and hypothalamic-pituitary-gonadal (HPG) axes. In the hypothalamus, orexins stimulated the secretion of the corticotropin-releasing hormone (CRH) and the gonadotropin-releasing hormone (GnRH-Russell et al. 2001a , 2001b , whereas in the pituitary, orexins enhanced the production of gonadotropins-follicle-stimulating hormone (FSH) and luteinizing hormone (LH-Blache et al. 2002; Martynska et al. 2011 Martynska et al. , 2014 Cataldi et al. 2014 )-and the secretion of adrenocorticotropic hormone (ACTH- Malendowicz et al. 1999a; Kuru et al. 2000; Russell et al. 2001a ). These hormones also directly influenced adrenals and gonads by stimulating glucocorticoid secretion in adrenocortical cells (Spinazzi et al. 2006) and increasing testicular and ovarian steroidogenesis (Barreiro et al. 2004; Nitkiewicz et al. 2014; Zheng et al. 2014) .
To our best knowledge, the role of orexins in seasonal breeders has been poorly investigated, and only a small number of studies were performed on sheep, which are short-day breeders. Those reports demonstrated that PPO gene expression and plasma concentration of OXB fluctuated under different photoperiods and were higher during short-day conditions (Archer et al. 2002; Kirsz et al. 2012) .
The Eurasian beaver (Castor fiber L.) is the largest free-living rodent in Eurasia with a seasonal pattern of reproduction (long-day breeder). Its reproductive activity peaks in winter, pregnancy lasts 105-107 days, and offspring are born in May and June. In summer ("post-breeding"), beavers take care of their offspring and store food reserves. The animals do not hibernate, and they accumulate subcutaneous fat deposits in autumn ("pre-breeding") (Zurowski 1992; Nolet and Rosell 1998) . Our previous studies demonstrated that in beaver plasma the level of hormones associated with reproduction (FSH, progesterone, testosterone), metabolism, the stress reaction (cortisol), and regulation of food intake (leptin) varied between sexes and across seasons (Chojnowska et al. 2015 (Chojnowska et al. , 2017 Czerwinska et al. 2015) . Because orexins are also involved in regulation of these phenomena, creating a link between reproduction, metabolism, and stress reactions, we hypothesized that PPO gene expression in structures of the HPA and HPG axes, and plasma concentrations of OXs, would vary between sexes and by season in this strongly seasonal breeder. The objective of this study was to determine: 1) the expression of PPO mRNA, 2) the localization of PPO, OXA, and OXB proteins in the structures of the HPA and HPG axes, and 3) plasma OX concentrations in 3 months that represent different periods of reproductive activity in beavers: April ("breeding, pregnancy"), July ("post-breeding"), and November ("pre-breeding").
Materials and Methods
Experimental animals and tissue collection.-The study was performed on 34 beavers (18 males and 16 females) harvested in: 1) April ("breeding, pregnancy," the period when males are living with females; 8 males and 5 pregnant females), 2) July ("post-breeding," the end of lactation and offspring raising; 4 males and 6 females), and 3) November ("pre-breeding," the period of sexual quiescence and preparation for winter; 6 males and 5 females). The average body weight (BW) of the captured animals was 18.4 ± 0.76 kg for males (n = 18) and 19.7 ± 0.64 kg for females (n = 16). Neither a sex-dependent (F 1,28 = 1.78, P = 0.19) nor a seasonal (F 2,28 = 1.79, P = 0.18) change in BW of beavers, nor an interaction (F 2,28 = 0.09, P = 0.91) between these factors, was observed (2-way analysis of variance [ANOVA]; Supplementary Data SD1), and Duncan's post hoc test did not reveal differences between analyzed groups (Supplementary Data SD2) .
Beavers were harvested in the Region of Warmia and Mazury in northeastern Poland upon the prior consent of the Regional Inspectorate of Environmental Protection in Olsztyn, Poland (decision no. RDOS-28-OOP-6631-0007-638/09/10/pj). All experiments were conducted in accordance with the ethical standards of the Ethics Committees for Animal Experimentation (decisions no. SGGW/11/2010 and UWM/87/2012/DTN), and conformed to guidelines of the American Society of Mammalogists (Sikes et al. 2016) . The captured animals were placed in cages and transported (2-3 h) to the laboratory of the Research Station for Ecological Agriculture and Preservation Animal Breeding of the Polish Academy of Sciences in Popielno. Blood samples were obtained at the same time of day (between 0800 and 1200 h) from adult beavers subjected to general anesthesia by injections of xylazine (Sedazin; Biowet Pulawy, Pulawy, Poland, 3 mg/kg of BW) and ketamine (Bioketan; Vetoquinol Biowet, Gorzow Wielkopolski, Poland, 15 mg/kg of BW- Chojnowska et al. 2015; Czerwinska et al. 2015) . Blood samples (0.4-0.5 ml) were collected from the carotid artery into heparinized tubes. The tubes were centrifuged (2,500 × g, 10 min, 4°C), and the obtained plasma was stored at −20°C until analysis. At the end of the study, beavers were sacrificed by decapitation under full anesthesia. The mediobasal hypothalamus (MBH), pituitaries, adrenals, and gonads were collected within a few minutes after sacrifice. The area of the MBH, the part of hypothalamus containing nuclei responsible for the production of CRH and GnRH (Romeo et al. 1990; Nishioka et al. 1994; McCann et al. 1996; Maeda et al. 2007) , was determined based on published sources describing the anatomy of the beaver brain (Pilleri 1959 (Pilleri , 1963 . Tissues were frozen in liquid nitrogen and stored at −80°C until RNA and protein analyses.
DNA sequencing.-Total RNA was extracted from each tissue (50 mg) using the total RNA Kit (A&A Biotechnology, Gdynia, Poland), according to the manufacturer's protocol. The concentration and quality of the isolated RNA were determined spectrophotometrically (TECAN, Männedorf, Switzerland), and RNA integrity was verified on 1.5% agarose gel.
One µg of RNA was reverse transcribed into cDNA in a total volume of 20 µl using the QuantiTect Reverse Transcription Kit (Qiagen, Germantown, Maryland). The reaction involved 2 steps: preliminary genomic DNA elimination (2 min at 42°C) and main reverse transcription (30 min at 42°C). The reaction was terminated by incubation for 3 min at 95°C in a thermal cycler (Eppendorf, Hamburg, Germany).
The PPO gene sequence in beavers has not been identified; therefore, the partial nucleotide PPO transcript sequence was determined based on the available PPO mRNA sequences from other animal species: mouse (GenBank accession no. NM_010410.2), rat (GenBank accession no. NM_013179.2), human (GenBank accession no. NM_001524.1), pig (GenBank accession no. NM_214156.2), shrew (GenBank accession no. XM_004608781.1), and sheep (GenBank accession no. XM_004012921.2). Conserved regions were analyzed with the use of the Basic Local Alignment Search Tool (BLAST).
Several pairs of primers were tested, and the final set of primer sequences is presented in Table 1A . PCR amplification was performed with the JumpStart mix (Sigma-Aldrich, St. Louis, Missouri). The PCR reaction involved: 500 ng cDNA, 10 µM of each primer (forward and reverse), 12.5 µl of the Master Mix buffer, and RNase-free water in a final volume of 25 µl. The reaction conditions were as follows: initial denaturation at 94°C for 1 min, followed by 40 cycles of: denaturation at 95°C for 15 s, annealing (gradient temperature from 50°C to 60°C, every 30 s) for 1 min, extension and final extension at 72°C for 1 and 10 min, respectively (Thermocycler; Eppendorf). PCR-amplified DNA was electrophoresed on 1.5% agarose gel ( Fig. 1 ). After extraction from the gel (GenElute Gel Extraction Kit; Sigma-Aldrich), DNA was sequenced (Genomed S.A., Warsaw, Poland) in both directions to obtain the target sequence.
The same steps were performed to obtain partial sequences of reference genes: glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and β-actin (ACTB). The partial sequences were described by Chojnowska et al. (2017) . The set of primers used in the PCR reaction is presented in Table 1A .
Quantitative real-time PCR.-The primers for quantitative real-time PCR (RT-PCR) were designed (135 bp) based on the identified PPO fragment of 147 bp with the use of Primer Express 3.0 software (Life Technologies, Carlsbad, California; Table 1B ). The analysis was performed in the 7300 Real-Time PCR System (Applied Biosystems, Inc., Carlsbad, California). PCR was amplified in a final volume of 25 µl with the involvement of cDNA (50 ng for PPO and 5 ng for reference genes), 400 nM of primers, 12.5 μl of the SYBR Green PCR Master Mix (Applied Biosystems, Inc.), and RNase-free water in a final volume of 25 μl. The RT-PCR reaction involved the following steps: initial denaturation and enzyme activation at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15 s and annealing at 60° for PPO and ACTB genes, and at 59°C for GAPDH gene for 1 min. The specificity of amplification was tested at the end of RT-PCR by melting-curve analysis. Negative controls, in which water was substituted for cDNA, were included in each reaction. All samples were amplified in duplicate. The RT-PCR product, visualized on 1.5% agarose gel, was isolated from the gel (GenElute Gel Extraction Kit; Sigma-Aldrich) and sequenced (Genomed S.A.) During preliminary experiments, the expression of ACTB and GAPDH genes in beavers remained stable in all tissues (CT values exhibited no significant differences) and did not differ subject to season, sex, or age. Therefore, GAPDH and ACTB were used as reference genes in RT-PCR.
The relative expression of PPO gene was calculated with the use of the comparative cycle threshold method (ΔΔCT-Livak and Schmittgen 2001), where ΔΔCT is obtained by subtracting ΔCT of the geometric mean calculated from CT for both reference genes (GAPDH and ACTB) from the corresponding ΔCT of each experimental sample of the target gene (PPO). The group with the lowest expression was selected as the calibrator. The data were expressed in arbitrary units.
Immunohistochemical analysis.-The immunohistochemical analysis was performed according to the method described by Leska et al. (2014) with modifications. Tissue samples (the MBH, pituitary, gonads, and adrenals) were cut into 7-to 10-μm-thick sections in the CM3050 cryostat system (Leica, Buffalo Grove, Illinois) and mounted onto glass slides coated with poly-L-lysine (Menzel-Glaser, Braunschweig, Germany). Frozen sections of the examined tissues were thawed to room temperature and rinsed in 0.01 M PBS. They were incubated with 3% H 2 O 2 in methanol for 10 min. The sections were incubated with 2.5% normal horse serum for 30 min at room temperature (Vector Laboratories, Burlingame, California) to decrease nonspecific binding. Then, they were incubated at 4°C overnight with the rabbit anti-PPO polyclonal antibody (1:50; Merck Millipore, Billerica, Massachusetts), sheep anti-orexin A polyclonal antibody (1:50; Abcam, Cambridge, United Kingdom), and mouse anti-orexin B monoclonal antibody (1:50; Abcam) diluted in PBS with 2% BSA (Carl Roth GmbH+Co., Karlsruhe, Germany). The specificity of the primary antibody was verified in the Western blot test. On the following day, the sections were washed 3 times in PBS and incubated for 30 min with secondary horse antimouse/rabbit antibodies for PPO and OXB (commercially diluted; ImmPRESS Universal reagent Anti-Mouse/Rabbit Ig; Vector Laboratories) and rabbit anti-sheep antibodies for OXA (1:200; Merck Millipore). Secondary antibody for OXA was isolated from antisera by immunoaffinity chromatography using antigen coupled to Sepharose beads. In negative controls, primary or secondary antibodies were replaced with hematoxylin and 0.01 M PBS. The sections were immersed in 3,3′-diaminobenzidine (DAB; Dako, Canpinteria, California) to visualize the immunoreaction. They were dehydrated in ethanol, cleared in xylene, and mounted with DPX (Sigma-Aldrich). The immunohistochemical specimens were viewed under a light microscope (CH30/CH40; Olympus, Tokyo, Japan).
Enzyme-linked immunosorbent assay.-The plasma concentrations of OXA and OXB were determined in the enzyme-linked immunosorbent assay (ELISA). A standard kit for beavers is not available; therefore, commercial kits with a wide detection range for OXA (15.6-1,000 pg/ml) and OXB (6.25-400 pg/ml) were used (Cusabio, Wuhan, China). The assay's validity was confirmed based on parallelism between the standard curve and dilutions of randomly chosen plasma samples. The intra-assay coefficient of variation for OXA and OXB was < 5%. The interassay coefficient of variation was not calculated (all analyses were performed once). Assay sensitivity was determined at 3.9 pg/ml for OXA and 1.56 pg/ml for OXB.
Statistical analysis.-The results were processed statistically by 2-way ANOVA (main effects: season and sex and interaction between these factors; Supplementary Data SD1) followed by Duncan's post hoc test (Supplementary Data SD2-SD8).
In factorial ANOVA models in our study, the assumptions of normality and homogeneity of variances were met (Lindman 1992) . Additionally, differences between the mean plasma concentrations of orexins A and B (all individuals in the 3 periods analyzed) were determined by Student's t-test. The results were expressed as X ± SEM. All calculations were performed using the Statistica program, release 12 (Statsoft, Inc., Tulsa, Oklahoma). Differences were regarded as statistically significant at P < 0.05.
results
Identification of the PPO transcript sequence.-The PPO transcript sequence was identified by analyzing total RNA extracted from the MBH. PCR-amplified DNA sequences were compared with database sequences to reveal 86% homology with mouse (GenBank accession no. NM_010410.2) and rat sequences (GenBank accession no. NM_013179.2), 92% homology with human (GenBank accession no. NM_001524.1), porcine (GenBank accession no. NM_214156.2), and shrew sequences (GenBank accession no. XM_004608781.1), and 93% homology with sheep sequences (GenBank accession no. XM_004012921.2) at the nucleotide level (Table 2) .
PPO gene expression and PPO, OXA, and OXB protein localization.-In the MBH, the expression of PPO gene varied on a seasonal basis (F 2,25 = 4.22, P = 0.03), whereas no influence of sex was observed (F 1,25 = 0.13, P = 0.72). The interaction between season and sex was only marginally significant (F 2,25 = 2.73, P = 0.09; 2-way ANOVA; Supplementary Data SD1). Duncan's post hoc test revealed that PPO transcript content was higher in females in the "post-breeding" season (July, n = 6) than in the "breeding" (April, n = 5, P < 0.01) and "prebreeding" seasons (November, n = 4, P = 0.01). In males, seasonal differences in gene expression were negligible. In each season, the level of PPO mRNA did not differ between females and males ( Fig. 2A; Supplementary Data SD3) . PPO (Fig. 2B) , OXA (Fig. 2C) , and OXB (Fig. 2D) proteins were detected in the MBH in each evaluated period of beaver activity.
Season (F 2,25 = 2.46, P = 0.11) and sex (F 1,25 = 0.48, P = 0.49) did not influence PPO gene expression in the pituitary gland, but an interaction between sex and season (F 2,25 = 9.72, P < 0.01) was detected (2-way ANOVA; Supplementary Data SD1). The content of PPO mRNA was stable in the analyzed seasons in females ( Fig. 3A; Duncan's post hoc test; Supplementary Data SD4). In males, PPO mRNA level was lower in April (n = 7) in comparison with the "post-breeding" (July, n = 4, P < 0.01) and "pre-breeding" seasons (November, n = 5, P = 0.01) and in comparison with females in April (n = 5, P < 0.01), July (n = 6, P = 0.03), and November (n = 4, P = 0.03; Fig. 3A ; Duncan's post hoc test; Supplementary Data SD4). PPO (Fig. 3B) , OXA (Fig. 3C) , and OXB (Fig. 3D) proteins were localized in the pituitary in all periods of activity evaluated.
In the adrenal cortex, the expression of the PPO gene varied both across seasons (F 2,25 = 12.86, P < 0.01) and between sexes (F 1,25 = 9.32, P < 0.01), and an interaction between sex and season (F 2,25 = 11.56, P < 0.01) also occurred (2-way ANOVA; Supplementary Data SD1). The highest concentration of PPO mRNA was noted in pregnant females (n = 5, P < 0.01). In males, PPO transcript content was higher in the "pre-breeding" (November, n = 5) than in the "post-breeding" season (July, n = 4, P < 0.05). During the "breeding" season (April), PPO mRNA concentration was higher (P < 0.01) in females (n = 5) than in males (n = 7; Fig. 4A ; Duncan's post hoc test; Supplementary Data SD5). PPO (Fig. 4B) , OXA (Fig. 4C) , and OXB (Fig. 4D) proteins were localized in the adrenal glands in every season analyzed. PPO and OXs were detected in the adrenal cortex (glomerulosa, fasciculata, reticularis layers) and in the adrenal medulla. Season-(F 2,25 = 4.83, P = 0.02) but not sex-dependent (F 1,25 = 1.46, P = 0.24) changes in PPO expression were observed in beaver gonads. An interaction between sex and season (F 2,25 = 16.50, P < 0.01) was found (2-way ANOVA; Supplementary Data SD1). In the testes, the expression of PPO transcript was the highest (P < 0.01) in the "prebreeding" season (November, n = 5) than in other periods, whereas PPO mRNA concentration in the ovaries remained unchanged ( Fig. 5A ; Duncan's post hoc test; Supplementary Data SD6). In the testes, PPO (Fig. 5B), OXA (Fig. 5C) , and OXB (Fig. 5D) were expressed both inside seminiferous tubules-in primary spermatogonia, spermatozoids, myoid, and Sertoli cells, and between seminiferous tubules-in Leydig cells. In the ovaries, the presence of PPO (Fig. 5E) , OXA (Fig. 5F ), and OXB (Fig. 5G) was observed in stromal cells, in primordial to antral follicles, in granulosa, and theca cells.
Plasma orexin concentrations.-Seasonal (F 2,28 = 5.24, P = 0.01) variations were observed in the plasma concentration of OXA, whereas there was no difference between the sexes (F 1,28 = 0.02, P = 0.89). Additionally, an interaction of sex and season (F 2,28 = 9.38, P < 0.01) was found (2-way ANOVA; Supplementary Data SD1). In males, the highest OXA concentration was noted in the "post-breeding" period (July, n = 4, 27.7 ± 5.13 pg/ml), and in females, in the "prebreeding" season (November, n = 5, 24.5 ± 1.38 pg/ml). The plasma concentrations were higher in males (n = 4) than in females (n = 6) in the "post-breeding" season (July, P < 0.01) and were higher in females (n = 5) than in males (n = 6) in the "pre-breeding" season (November, P = 0.04; Fig. 6A ; Duncan's post hoc test; Supplementary Data SD7). Neither season (F 2,28 = 0.15, P = 0.86) nor sex (F 1,28 = 0.33, P = 0.57) influenced plasma OXB concentration. There was no interaction between sex and season (F 2,28 = 0.03, P = 0.97; 2-way ANOVA; Supplementary Data SD1) and all Duncan's post hoc test P values were > 0.05 ( Fig. 6B; Supplementary Data  SD8) . The mean plasma concentration of OXA (from all samples across the 3 seasons, n = 34) was higher (Student's t-test, t 1,66 = 1.99, P < 0.01) than OXB concentration (19.8 ± 0.96 pg/ ml versus 7.9 ± 0.73 pg/ml). 
discussion
Our study was the first to analyze the expression of the PPO gene and PPO, OXA, and OXB proteins in all parts of the HPA and HPG axes of Eurasian beavers (Castor fiber L.). The plasma concentrations of OXA and OXB were also determined. The study was performed both on male and female beavers in 3 different periods of reproductive activity: April ("breeding, pregnancy"), July ("post-breeding"), and November ("pre-breeding").
The lateral hypothalamus is undoubtedly the main source of orexins. However, in numerous studies on rodents and other mammals, the expression of the PPO gene and the presence of PPO or OXs were observed in different hypothalamic structures (Archer et al. 2002; Nixon and Smale 2007; Mo et al. 2009; Kaminski et al. 2013; Maleszka et al. 2013 ). In our study of the beaver MBH, PPO gene expression and the presence of PPO, OXA, and OXB proteins were noted in all periods of reproductive activity analyzed. Circannual changes in the expression of the PPO gene in hypothalamic structures have never been studied. In beavers, the concentration of PPO mRNA in the MBH varied on a seasonal basis. These seasonal changes may be sex-specific because a marginally significant interaction (P = 0.09) between season and sex was observed. The PPO transcript content increased in July ("post-breeding") in females. The expression of PPO mRNA also fluctuated in the hypothalami of castrated male sheep and was higher under experimentally induced short-day conditions (Archer et al. 2002) . Similarly, the hypothalamic concentration of PPO mRNA was higher in female than in male rats (Jöhren et al. 2001) . The above results indicate that hypothalamic PPO gene expression is species-dependent, varied under the influence of external factors (e.g., photoperiod), and, in beavers, might be modified by sex. Taking into account the presence of CRH and GnRH neurons in the MBH (Romeo et al. 1990; Nishioka et al. 1994; McCann et al. 1996; Maeda et al. 2007 ) and the stimulatory effect of OXs on CRH and GnRH secretion (Russell et al. 2001a (Russell et al. , 2001b Blache et al. 2002) , OXs likely are involved in the regulation of stress responses and reproductive processes controlled by this component of the HPA and HPG axes in beavers.
In beaver pituitaries (without division into anterior and posterior parts), the PPO gene and PPO and OX proteins were expressed in both sexes in all periods studied. The abundance of PPO transcript or PPO and OX proteins were reported in humans, pigs, and rats, both in the anterior and posterior part of the gland (Date et al. 2000; Blanco et al. 2003; Smolinska et al. 2014 ). In the pituitary, no distinct influence of season or sex on PPO gene expression was observed, but an interaction between season and sex was noted. PPO transcript content was lowest in males in April ("breeding"), whereas it remained stable in females. Although there is a lack of literature describing this phenomenon in other mammals, we expect that PPO gene expression changes were dependent on simultaneous influences of season and sex. OXs can directly stimulate FSH or LH secretion and enhance ACTH release via CRH and NPY in rats (Malendowicz et al. 1999a; Al-Barazanji et al. 2001; Russell et al. 2001a) . Therefore, it is implied that in the pituitary of beavers these peptides may affect the secretion of tropic hormones, including gonadotropins and ACTH.
In our study, the PPO gene and PPO, OXA, and OXB proteins were expressed in the adrenal cortex of both male and female beavers in all periods examined. These proteins were detected in all layers of the adrenal cortex and in the medulla. The presence of the PPO transcript and PPO or OXA proteins has been reported in human and bovine adrenals Randeva et al. 2001; Nakabayashi et al. 2003; Nemoto et al. 2013) . The expression of the PPO gene in the adrenal glands of beavers fluctuated on a seasonal basis and differed between males and females (interaction between sex and season). The PPO gene was predominantly expressed in pregnant females in April and in males in November. One can assume that these changes in PPO gene expression in adrenals were dependent on simultaneous influences of both season and sex. Additionally, the presence of orexins in the adrenal cortex of beavers suggests that these peptides can directly influence glucocorticoid and catecholamine secretion, which was confirmed by numerous in vitro studies in other mammals (Malendowicz et al. 1999b; Mazzocchi et al. 2001; Spinazzi et al. 2005) .
The PPO gene and PPO, OXA, and OXB proteins were expressed in beaver gonads. In beaver testes, the proteins were observed in spermatozoids, myoid cells, Leydig cells and Sertoli cells and in beaver ovaries-in primordial to antral ovarian follicles and in stromal cells. The abundance of PPO mRNA or PPO and OXs were observed in humans, rodents, and domestic animals (Mitsuma et al. 2000; Jöhren et al. 2001; Barreiro et al. 2005; Tafuri et al. 2010; Nitkiewicz et al. 2014; Levanti et al. 2015) . In the gonads, season affected the expression of PPO mRNA and this effect was sex-specific. In the "pre-breeding" season (November), the concentration of PPO mRNA was the highest in the testes. One can suppose that seasonal changes in PPO gene expression in beaver gonads were modified by sex hormones. The presence of OXs in beaver gonads and the results of in vitro studies concerning the influence of OXs on testicular and ovarian steroidogenesis of other species (Cataldi et al. 2012; Nitkiewicz et al. 2014; Zheng et al. 2014) suggest that OXs could be involved in autocrine or paracrine regulation of sex steroid secretion.
Both OXA and OXB were noted in beaver plasma, but OXA concentration was higher. Similar observations were made in humans (Tomasik et al. 2004 ). Mouse and rat plasma probably contain only OXA (Jöhren et al. 2001 ). The differences in OXA and OXB plasma concentrations might be at least partly associated with differences in their structure and ability to cross the blood-brain barrier. OXA, in contrast to OXB, is highly lipophilic, it rapidly crosses the blood-brain barrier by simple diffusion and it is slowly metabolized in the blood (Kastin and Akerstrom 1999). In our study, seasonal variations in plasma OXA levels were sex-specific. In males, the highest OXA concentration was noted in July ("post-breeding"), whereas in females it was in November ("pre-breeding"). The plasma concentration of OXB in beavers was similar in both sexes and did not change across seasons. In female sheep (short-day breeders) exposed to an artificial photoperiod, OXB concentration was higher under short-day than long-day conditions (Kirsz et al. 2012) . Studies of humans, rodents, and domestic animals suggest that the presence of OXA in the plasma could be associated with the regulation of energy metabolism and promotion of feeding behavior (Sakurai et al. 1998; Edwards et al. 1999) . OXA is also believed to be a biological marker of narcolepsy (Higuchi et al. 2002) and OXB is an important factor in induction of arousal (Bayer et al. 2002) and regulation of glucose metabolism (Funato et al. 2009 ). These observations suggest that the type and concentration of plasma orexins differ across species and seasonal changes in plasma OXA levels in beavers are modified by sex. Is cannot be ruled out that each of the examined peptides plays a different role in peripheral target tissues in beavers. The lack of an unequivocal relationship between PPO mRNA concentration in the examined structures of the HPA-HPG axes and the plasma concentrations of OXs may indicate that plasma orexins originate from various sources in beavers. In beavers, stress-induced plasma cortisol, FSH, as well as concentration of sex steroids fluctuated across seasons (Chojnowska et al. 2015; Czerwinska et al. 2015) . These results suggest that plasma OXA concentration in this species is associated with changes in secretion of hormones regulating the stress reactions and reproduction.
In the present study, the expression of the PPO gene and the presence of PPO, OXA, and OXB proteins were observed in all structures of the HPA and HPG axes in beavers. Both OXA and OXB also were detected in the blood plasma. The PPO gene expression and plasma OXA concentration varied depending on season and these changes were mostly modified by sex. Our results imply that orexin peptides are involved in the regulation of circannual changes of reproductive activity in beavers and seem to be associated with seasonal fluctuations in glucocorticoid secretion and stress reactions. suppleMentary data
